ABSTRACT A computer model of the interaction between the fungal pathogen Entomophaga maimaiga Humber, Shimazu & Soper and its host, the gypsy moth, Lymantria dispar (L.), had previously been developed to simulate infection by fungus resting spores (azygospores) that are present in soil and germinate in spring if moisture is adequate. This model is now expanded to include infection caused by conidia that are produced on dead, infected caterpillars when relative humidity is near 100%. As inputs, the model uses temperature, relative humidity, rainfall, abundance of resting spores in the soil, and gypsy moth population density. From plots in 1999From plots in , 2000From plots in , and 2001, data on weather conditions (the Þrst year from daily weather station data and the last two from in-plot data loggers) were obtained, and gypsy moth density and resting spore abundance were determined. Also, collections of gypsy moth larvae were taken weekly to determine proportion of infection by the fungus. These data were used to Þnd best-Þtting parameters for the model. Using the same parameter values, model output was close to data for all years. When conidial dispersal was incorporated in the model, output and data were even closer. A validated model should be useful for evaluating and predicting gypsy moth-fungus interactions in forests.
THE PATHOGENIC FUNGUS, Entomophaga maimaiga Humber, Shimazu & Soper of the gypsy moth, Lymantria dispar (L.), has been an effective biological control agent since its Þrst observed appearance in North America in 1989 (Hajek 1999) . Genetic analyses (Hajek et al. 1990b) show that this fungus was originally from East Asia. It was introduced in Massachusetts in 1910 Ð1911 (Speare and Colley 1912) , and again in New York State in 1985 and in Virginia during 1986 (Hajek et al. 1995) , but there is no evidence of fungus establishment before 1989. Hajek et al. (1995) have detailed a number of scenarios for how E. maimaiga might have become established and suggest that recent increases in virility or accidental introduction from the Orient are most likely. I present evidence that a recent accidental introduction is most probable (Weseloh 1998) , but the actual establishment event will probably never be known for sure.
Entomophaga maimaiga is an effective natural enemy because (1) it is very speciÞc to the gypsy moth (Hajek 1999) , (2) its resting spores (azygospores) can survive in soil for up to 10 yr (Weseloh and Andreadis 2002) and (3) its life cycle is closely attuned to that of the gypsy moth (Hajek 1999) . Spherical resting spores (30 m diam) germinate in the soil in response to abundant moisture beginning shortly before gypsy moth larvae hatch in spring. These spores release pearshaped, thin-walled germ conidia (20 ϫ 26 m) into the air. Conidia that contact a gypsy moth larva germinate through the integument. Provided the soil is adequately moist, resting spores germinate and cause infection for the Ϸ2 mo in late spring that gypsy moth larvae are present in forests (Weseloh and Andreadis 1992) . Fungi in infected larvae develop for Ϸ5 d at 20ЊC (Hajek et al. 1993) , and have no obvious effect on larval development until Ϸ2 d before death (Hajek 1999) . At high relative humidity, the fungi in dead larvae produce conidiophores that grow through the integument and release thousands of conidia that are very similar in appearance to germ conidia. If relative humidity is close to 100%, these conidia can cause infection when they contact caterpillars. But if they come to rest on inert surfaces such as leaves, branches, or the ground, they may germinate to produce secondary and even tertiary conidia that are infective when released into the air. Thus, each conidium can indirectly cause infection for some time after its initial release. If a larva has been infected by such conidia, after the caterpillar dies, the fungus may produce either resting spores or conidia or both, whereas if infected via germ conidia, fungus in infected larvae produce only conidia (Hajek 1997) . Resting spores are produced mostly from large larvae.
Including 2001, E. maimaiga has only been observed in North America for 13 host generations. With such a short baseline, it is unlikely that all relevent envi-ronmental and biological conditions that affect the fungus are known. Yet understanding the infection and population dynamics of this pathogen is important for predicting its impact. Such information should be useful because it will mitigate the costs and environmental effects associated with chemical control.
Adequate soil moisture is necessary for germination of resting spores and high humidities for the production of, transport of, and infection by conidia. Also important is the number of overwintering resting spores in the soil (Weseloh 1999) . The interactions between these and other factors in causing infection of larvae are likely to be complex. Thus, computer models have been developed that take into account weather conditions and other factors to simulate the impact of E. maimaiga on the gypsy moth (Hajek et al. 1993 , Weseloh et al. 1993 ). The model I described in Weseloh 1999 addressed the effects of resting spore germination on larval infection. This article describes further developments to account for infection caused by conidia and reÞnes the expanded model with forest data collected over 3 yr. The intention is to make the model realistic enough that it can be used for determining the impact of the fungus under arbitrarily speciÞed conditions.
Materials and Methods
General Model Development. Because the model described by Weseloh et al. (1993) and Weseloh (1999) has been extensively revised, a complete redescription is given here. The model is written in the C language and runs on a Gateway 2000 computer. The time-step is 1 d. It has a cohort structure for healthy and infected larvae. The proportion of larvae that hatch per day beginning on the day of Þrst hatch is assumed to follow a normal distribution with mean 7.5 d after Þrst hatch and standard deviation 2.5 d (Weseloh 1999) . These proportions are converted to number of larvae per cubic meter of forest space (see below). All larvae hatching on a speciÞc day are a cohort that develops according to a cumulative degree-day model described by Weseloh et al. (1993) , except that, based on new information (unpublished), the threshold temperature was changed to 12ЊC rather than kept at 10ЊC. Weather conditions were obtained from nearby weather stations (daily maximum-minimum temperatures and rainfall) or forest sites (daily recordings of rainfall and 10 or 30 min interval recordings of temperature and relative humidityÑsee below). When only daily maximum-minimum temperature records were available, cumulative daily degree-days were calculated by the modiÞed sine wave method of Allen (1976) . For detailed temperature records, daily cumulative degree-days were found by estimating the area under the temperature curve for each day using rectangles. Caterpillars in cohorts are assumed to change instars at speciÞc days as determined by daily cumulative degree-days from data of Casagrande et al. (1987) and as modiÞed below.
A date for the beginning of larval hatch is chosen. This datum is typically speciÞc for each year and is found by examining naturally deposited egg masses on tree trunks and recording their hatch history. For Connecticut, the start date for hatch is typically Ϸ1 May, and in most cases, this is a satisfactory date if no further information is available.
The relationship between soil moisture, germination of resting spores, and infection of caterpillars was obtained by tying threads around gypsy moth larvae and tethering them on the forest ßoor for 1-d periods and determining proportion infection as detailed by Weseloh (1999) . Using the running total of rainfall for the day of exposure and 4 d previous as a surrogate for soil moisture, Weseloh (1999) found a linear relationship between moisture and the proportion of larvae infected. These data were reanalyzed to determine whether soil moisture levels have an effective upper limit. Thus, correlations were calculated between the arcsine square root of the proportion of tethered larvae that were infected and the 5-d running totals of rainfall for which the maximum allowable rain per day and/or the maximum running total rainfall for all days were varied. The relationship giving the best correlation was used to generate an equation relating running total of rainfall to proportion infection of larvae. However, infection via resting spores depends on their abundance, as well as soil moisture. Thus, a measure of resting spore abundance determined as described below was multiplied by the proportion infected obtained from the moisture index equation to give the proportion of larvae that are infected by resting spores each day.
The larvae that hatch on a given date and that are infected by resting spores on a given date form an infected cohort. Infected cohorts develop at the same rate as healthy cohorts, and the fungus develops according to a second degree polynomial equation that was derived from data reported by Hajek et al. (1993) for rates of development per day (r) in caterpillars held at different temperatures from 7.5 to 26ЊC (T). This equation was: r ϭ Ϫ0.162 ϩ 0.032 T Ϫ 0.000752 T 2 . For purposes of the model, the techniques used to obtain daily cumulative degree days (see above) were used with this equation to obtain daily cumulative development rates so that the dates when infected cohorts die could be detemined.
After E. maimaiga kills a larva, the number of conidia produced per day is determined by relative humidity, caterpillar size, and time after death (Hajek et al. 1990a , Hajek and Soper 1992 , Shimazu and Soper 1986 . Laboratory experiments and Þts to forest data were used to obtain such information and are described (see below) .
Let the number of conidia per m 3 of forest space (i.e., all volume from top of canopy to ground) produced in 1 d be c. Assume that the chance of a Þfth instar becoming infected with one conidium is a constant, p, and that this is independent of and identical to the chance of infection by any other conidium. It should be noted that p is a composite probability that includes the chance that the original conidium will cause infection plus the probability that any secondary or tertiary conidia produced by it will cause infection if the primary conidium fall on an inert substrate. For other instars, the actual probability of infection is p multiplied by a size factor, s, which is dependent on the number of degree-days of development of the larva (see below). Then the chance that a larva will not be infected by any of the c conidia is (1 Ð ps) c , and thus the probability that a larva will be infected at least once is
P c must be combined with the probability describing infection via resting spores (P r ), because both events can occur at the same time. Because of independence, the total probability of infection is the sum minus the product: P T ϭ P r ϩ P c Ð P r P c . This total probability is then multiplied by the number of healthy caterpillars in a cohort to give the number of larvae in a new, infected cohort.
Dead, infected Þfth or sixth instars typically produce a much larger fraction of resting spores than conidia (Hajek and Shimazu 1996) , so the number of conidia produced by Þfthϩ instars must be multiplied by a fraction that is derived from Þts to data (see below). Pupae cannot be infected by E. maimaiga, but if infected as larvae, they may produce some conidia or resting spores and die (Hajek 1999) . Death of infected pupae is taken into account when survival rates of gypsy moths are calculated.
Determining the Size Factor. To determine the factor (s) needed to modify the probability of conidial infection for different-sized larvae, gypsy moth eggs were obtained from the USDAÐAPHIS laboratory at Otis, MA, and hatched. The larvae were reared on artiÞcial diet (Southland Products, Lake Village, AR) until needed. Ten larvae of 12 different sizes were removed from the rearing containers, frozen, and pho- tographed with a digital camera (The Imager, Appligene [now Oncor], Gaithersburg, MD) that produces tiff Þles. These could be converted into Þles compatible with the Geographic Information System IDRISI (Eastman 1993) .
From the image on the screen, the outline of each larva was traced and converted to a vector Þle. Because of the hairy nature of gypsy moth larvae, it was not sufÞcient to merely trace along the outline of the integument. Conidia could also alight on hairs and directly infect larvae or produce secondary conidia that may do so (probabilities unknown). Thus, the total cross section of the larva as "perceived" by conidia is larger than the cross section of the body per se. However, near the tips of the longest hairs, the probability of interception would certainly be less than nearer the body. Because it was only important to determine relative sizes of larvae, an arbitrary decision was made to consider the area halfway to the ends of the hairs as part of the larvaÕs body. These vector Þles could be processed to give total larval cross-sectional areas. The stage of each larva (i.e., early third instar, middle fourth instar) was converted to degree-days of development according to the degree-day model and plotted against cross-sectional area. The program SYSTAT (Systat 1998 , where y ϭ cross sectional area, x ϭ degree-days of development, and a and b are constants. This equation was then used to derive the size factor (s) used to modify the probability of infection by a conidium.
Finding Number of Conidia per Infected Larva. Shimazu and Soper (1986) determined the number of conidia produced from infected gypsy moth cadavers of different sizes, but they gave total numbers rather than per day. To obtain the latter, laboratory-reared caterpillars were infected by the fungus by either exposing them to germinating resting spores in soil or to conidial showers from dead infected larvae as follows. Exposure to resting spores was accomplished by collecting soil containing resting spores in the fall from just under the litter layer at the base of trees. These trees were known to have had large numbers of E. maimaiga-infected gypsy moth larvae on them earlier in the year. Soil was refrigerated at 4ЊC until needed. Soil samples (40 ml) were spread over Þve watersaturated 12.5-cm diam Þlter papers placed in the bottom of a 2.5 ϫ 14.0 cm diam plastic petri dish. The soil was kept water-saturated and held at 17ЊC and 15 h light per day. After 1.5Ð2 wk, a 13-cm circle of aluminum window screen was laid on top of the soil, and 25 laboratory-reared gypsy moth larvae of speciÞc instars were placed on top of the screen. After 24 h, the larvae were removed and reared individually in 30-ml plastic cream cups Þlled one-fourth full of gypsy moth diet (Southland Products, Lake Village, AR) until signs of disease occurred.
To expose larvae to fungus sporulating from infected cadavers, from 1Ð20 such cadavers were placed in a 2.5 ϫ 14.0 cm diam plastic petri dish having Þve water-saturated 12.5-cm diam Þlter papers placed in the bottom. A 13-cm circle of aluminum window screen was laid on top of these, and 25 laboratoryreared larvae were placed on top of the screen. After 24 h, the larvae were removed and reared individually in 30-ml plastic cream cups Þlled one-fourth full with gypsy moth diet until signs of fungus disease occurred.
Infected, dead larvae from which the fungus would soon sporulate (as determined from body stiffness) were suspended above 32 ml of water ϩ 7 drops of Triton X-100 (Dow Chemical, Midland, MI) in a 9.5 ϫ 9 cm diam glass jar. Sporulating larvae were transferred to new jars once a day, and six samples of water from the old jars were examined in a hemacytometer to determine the concentration of spores. This could then be converted to number of spores produced per larva per day. All instars from 1 to 6 and 19 to 44 individuals per instar were used. For analysis, the natural logarithm of number of spores produced per day was regressed (REGRESS module of SYSTAT) against the number of days since caterpillar death to obtain linear relationships for each instar. Hajek et al. (1993) found that infected cadavers reared in the laboratory produced 4.73 times as many spores as did those of comparable size in the forest. Thus, the number of spores obtained from the above relationship was multiplied by 0.211 to reßect forest abundance.
Forest Sampling. Forest sampling was carried out to obtain records of weather conditions, estimates of resting spore load in the soil, density of gypsy moth populations, and incidence of E. maimaiga.
Description of Plots. Forest sampling was carried out in plots having areas of Ϸ0.02 km 2 in 1999, 2000, and 2001. In 1999, two plots were sampled, one in a forested lot in Burrillville and one in North SmithÞeld, RI. These plots were Ϸ8 km apart. In 2000, these same plots were sampled, as well as two others in North SmithÞeld Ϸ0.5 km to the east and west of the original North SmithÞeld plot. They were labeled P1, P3, P2, and P4, respectively. In 2001, the two plots in North SmithÞeld that were new in 2000 (now called R1 and In all three years, soil in each plot was bioassayed for E. maimaiga resting spores by collecting forest soil in April or early May from directly next to the trunks of 10 oak trees in each plot. Samples were taken by brushing away the litter layer and removing a 10-cm square area of soil Ϸ3Ð 4 cm deep from each of the four cardinal directions around the trunk. All samples from one plot were pooled and mixed in the forest, and a 400-ml subsample was taken back to the laboratory and refrigerated at 4ЊC. Two (1999, 2001) or four subsamples (2000) of 40 ml were taken from each forest soil sample and spread over Þve water-saturated 12.5 cm diam Þlter papers placed in the bottom of a 2.5 ϫ 14.0 cm diam plastic petri dish. The soil was kept moist and held at 17ЊC and 15 h light per day. After 1 wk, a 13-cm circle of aluminum window screen was laid on top of the soil, and 25 laboratory-reared gypsy moth larvae (Þrst or second instars) were placed on top of the screen. After 24 h, the larvae were removed and reared individually in 30-ml plastic cream cups Þlled one-quarter full with gypsy moth diet to determine infection. Larvae were held for 14 d and examined periodically for fungus infection. Any dead larva that did not show production of conidia was dissected and examined under a compound microscope at 400ϫ to determine cause of death.
In 1999, maximumÐminimum daily temperatures and rainfall records for May and June were obtained from the weather station in Woonsocket, RI, maintained by the Woonsocket Water Division. In 2000, a temperature and relative humidity data logger recording every 30 min (Hobo Rh/Temperature, Onset Computer, Pocasset, MA) and a data-logging tippingbucket rain gauge (Onset) were placed in the North SmithÞeld plot to record weather conditions in May and June. This record was also used for the Burrillville plot. In 2001, a temperature and relative humidity data logger (Hobo Pro Rh/Temperature) recording every 10 min was placed in each plot. A data-logging rain gauge (Onset) was placed in one plot in the Harwinton pair (H1), one plot in the Rhode Island pair (R2), and one plot at MansÞeld Hollow (M2). The rainfall record was used for all plots in each area. A Þne nylon mesh (26 holes/cm) was placed over the opening of each rain gauge to keep debris out. Although the meshes may have caused an underestimation of rainfall amounts, they were essential for keeping the gauges from plugging up.
In each plot, gypsy moth larvae were sampled by collecting Ϸ100 larvae per week starting when larvae were Þrst instars and ending when many had pupated (typically a period of 7Ð 8 wk). For plots M1 and M5 of 2001, gypsy moth larvae were too sparse to collect during the Þrst 3 wk (likewise for weeks 2 and 3 in M6). In 2000 and 2001, the instar of each larva was determined on the same day it was collected. Larvae were reared in individual diet cups in the laboratory for 10 d or until they died or pupated, whichever came Þrst. For the 1999 and 2000 collections, larvae were examined microscopically if death by fungus was not obvious. In 2001, all dead larvae were examined microscopically.
In 1999, gypsy moth density was not estimated. In 2000 and 2001, density was estimated by determining how many larvae could be collected per person-hour. Additionally, in 2001 the number of larvae on 25 terminals (20 cm long) of favored food trees (mostly oaks) was determined during each of the Þrst three collection weeks.
Determining Gypsy Moth Population Density. The measure of gypsy moth population density used in the model was derived from average terminal counts by converting these to the number of larvae per m 3 of forest space including all volume from the ground to the top of the canopy. This was estimated by assuming (1) that each branch terminal examined for larvae represents Ϸ1 m 3 of the part of a tree that has leaves (i.e., is not just trunk or branches); (2) the leafy part of the tree constitutes Ϸtwo-thirds of tree volume (This estimate assumes a tree is essentially a cylinder 25 m high and 5 m in diameter and includes any understory as part of the leafy part of the tree. If it is assumed that the outer 2 m of the cylinder constitutes the leafy part of the tree, then the volume ratio follows.); and (3) about half the trees in the forest are favorable hosts for gypsy moths upon which they are most likely to be found. From work by Ticehurst and Yendol (1989) , it is known that for Þrst and second gypsy moth instars, there are Ϸ0.453 caterpillars throughout the tree for every larva near ground level. Multiplying the number of larvae per branch terminal by 0.453 ϫ 2/3 ϫ 1/2 ϭ 0.15 should then give the number of larvae per m 3 of forest space. Because this value is not known with great accuracy, I assumed it to be 0.1.
This derivation of density uses arbitrary and possibly dubious assumptions. From the standpoint of model output, this is no problem because other parameters associated with infection by conidia will be made to compensate for any inaccuracies (see below). However, from the standpoint of a desire to simulate reality, it would be helpful if population density can be accurately estimated. The above should only be considered a Þrst attempt to do so.
As terminal counts were only taken in 2001, it was necessary to make estimates for previous years. In 1999, larval density was not needed (see below). For 2000, number of larvae per terminal was estimated by Þrst Þnding a relationship of the form y ϭ a ⅐ exp(bx) between number of larvae collected per person-hour (x) and terminal counts in 2001 (y, with a and b constants) using the NONLIN module of SYSTAT.
Parameter for Resting Spore Abundance. The parameter taking into account resting spore abundance when Þnding probability of infection by resting spores was determined by comparing model outputs obtained using different values of the parameter to proportion infection by the fungus from forest collections. In most years in Connecticut, conidia are produced only after about 30 May (Julian date 150, unpublished data) because the fungus in infected larvae must develop before conidia can be produced. Thus, it is possible to Þt the parameter using only the part of the model involved with infection by resting spores. The Þtting was done using collections made before 30 May in 1999 and 2000. The actual Þts were performed by running the model with a variety of parameter values using the temperature and precipitation records appropriate for each plot until Þnding the value that gave the least squared difference between actual and modeled infection proportions. The data from 2001 were used to validate this part of the model.
Fig. 7. Comparison of actual proportion infection by fungus of gypsy moth larvae in 1999 plots (dots) with model results for the same dates (lines). In this and the next three
Þgures, brackets indicate 95% binomial conÞdence intervals for data.
Fig. 8. Comparison of actual proportion infection by fungus of gypsy moth larvae in 2000 plots (dots) with model results for the same dates (lines).
Parameters Involving Infection by Conidia. It is assumed in the model that the fungus in dead, infected larvae will not sporulate to produce conidia, or that these conidia will not cause infection, unless the relative humidity is Ͼ98%. This assumption was made because it is known that relative humidities must be very high (essentially 100%) for sporulation to occur reliably (Hajek and Soper 1992) . Using a range (99 Ð 100%) instead of a point (100%) helps ensure that small inaccuracies in measurements will have minimal effects. In the model, the proportion of a day in which relative humidity is Ͼ98% is multiplied by the number of conidia that would have been produced by larvae under continuous conditions of 100% RH to give an estimate of the actual number of conidia produced on a particular day.
To obtain a value for the probability of a larva becoming infected with a single conidium (p from equation 1), model runs having different values of this parameter (from 0.0001 to 0.01) were carried out using 2000 data. In 2000, so little rain fell at the end of June that little infection of Þfth instars occurred, and so varying the fraction of Þfth instars that produce conidia had little effect on model output. This meant that 2000 data could not be used to Þnd the latter parameter, but it also meant that p could be Þt to 2000 data without considering the fraction of Þfth instars that produce conidia. The model proportion infection outputs were Þt to infection incidence data from the forest plots by eye.
After a value for p was found, this value was used with 2001 data to Þnd the best Þt for the fraction of Þfth instars that produce conidia.
Model Analyses. The complete model uses detailed weather records of temperature, humidity, and rainfall that may have many measurements per day and condenses these down to statistics that are used to run the model at a rate of one time-step per day for one gypsy moth generation. A measure of resting spore abundance and gypsy moth population density is also input. To investigate model behavior, it was run using plotspeciÞc weather conditions, proportion infection from soil bioassays, and gypsy moth density obtained from 1999 Ð2001 plots as inputs. It was also checked for internal consistency using simpliÞed weather data and various values for other inputs. Outputs of proportion infection of larvae on collection dates for all plots in each of the 3 yr were compared in graphs to actual infection rates. Binomial 95% conÞdence intervals (Ostle 1963) were constructed for real proportion infection.
To see how model output varied under different conditions, artiÞcial weather records were constructed as follows: Daily temperature records were generated by t ϭ 15.6ϩ8.3sin(2d/), where t ϭ tem- Fig. 9 except that before causing infection, conidia produced in nearby plots (H1, H2), (R1, R2), (M1-M6) were equally redistributed among all nearby plots to simulate conidial spore dispersal. perature and d ϭ day. This gave a temperature that varied sinusoidally daily with a mean of 15.6ЊC and amplitude of 16.6ЊC. Eight mm of rain occurred once every 1Ð10 d. On the days that rain fell, relative humidity was 100% for half of the day and 0% at all other times. Using seasonal survival rates of caterpillars as the output, the model was run using these weather records for different values of resting spore bioassay results, gypsy moth population density, probability of infection by single conidia, and fraction of Þfth instars that produce conidia.
To determine how differences in minimum effective relative humidities for infection by conidia affect model survival rates, the model was run using the weather data from two of the 2001 plots: the Þrst plot in Harwinton (H1) and the second in Rhode Island (R2). Minimum effective relative humidity was varied between 80 and 100%.
These analyses are intended to determine how model results compare with real data and how predicted fungus impact varies as environmental conditions change.
Results
Adequacy of Degree-Day Procedure. If the instar transition cumulative degree-day values are taken as follows: 1st to 2nd ϭ 35, 2nd to 3rd ϭ 70, 3rd to 4th ϭ 105, 4th to 5thϩ ϭ 150, 5thϩ to pupa ϭ 240, with a 12ЊC threshold, the degree-day model used for the development of gypsy moth larvae Þt actual data quite well. Fig. 1 shows examples from plot P3 in 2000 and M2 in 2001, which are typical for their years. The range of dates for each instar in 2000 is somewhat larger for the model than for the actual data, but this is reversed for 2001. In both years, the dates of peak abundance for model and data are nearly the same. Thus, the degreeday procedure appears adequate for modeling larval development.
Infection by Resting Spores. Resting spore germination depends on soil wetness (Hajek 1999) , which is not often measured in a forest. Because soil wetness values are dependent on rainfall, it seems reasonable that measures derived from precipitation amounts can be used to estimate moisture levels. Weseloh (1999) held gypsy moth larvae on the litter layer in a forest for 1-d periods. The resulting infections with fungus were most closely correlated to the sum of rainfall during the day of exposure plus the previous 4 d. To investigate further, I manipulated the rainfall data so that the total allowed accumulation over 5 d was either a maximum that could be varied (10, 20, 30, 40, 50, or unlimited [Ͼ50] mm per 5 d) or the actual sum over 5 d, whichever was less. At the same time, I allowed either a maximum value per day (10, 20, or 30 mm of rainfall per day) or the actual amount, whichever was These modiÞed running totals were correlated with the arcsine square root of proportion of caterpillars tethered in the litter layer that were infected in the Weseloh (1999) study (Fig. 2) . Correlations were highest if a maximum of 10 mm of rain per day was allowed, with unlimited total rainfall over 5 d (in this case, of course, the total rainfall can be no higher than 50 mm because of the daily limitation). I interpret these results to mean that there is an upper soil moisture limit beyond which germination of resting spores is not increased.
The regression of arcsine proportion infection with the above soil moisture surrogate was linear, giving the arcsine square root of proportion of caterpillars infected daily as a function of soil moisture (Fig. 3) . To obtain the proportion infected directly, it is necessary to invert the arcsine transformation and multiply by R, the resting spore abundance parameter. Then the proportion (or probability) of per day infection by resting spores (P r ) becomes
where M is the soil moisture surrogate, expressed as radians. As described in the methods section, R was found by Þtting different fractional values of the soil bioassay results via the model to proportion infections of larvae collected in 1999 and 2000 plots before 30 May. The resulting fractions were Burrillville, 0.041; North SmithÞeld, 0.038; P1, 0.072; P2, 0.008; P3, 0.038; and P4, 0.011; for an average of 0.035. This latter value, when multiplied by the value for proportion infection derived from a soil bioassay, was then used as the parameter R.
Infection by Conidia. The relationship between terminal counts (y) and number of larvae collected per person-hourr (x) in 2001, as found by nonlinear regression, was y ϭ 0.218 exp(0.012x) with an R 2 of 0.78. This relationship was then used to derive terminal count estimates from larvae per person-hour counts in 2000.
To determine the size factor for larvae, the values of cross-sectional areas of gypsy moth larvae was plotted against D, the estimated degree-days that occurred since hatch (Fig. 4) . The nonlinear Þt to the equation given in the Þgure had an R 2 of 0.91. By dividing this equation by 656.2343 (which is the expected crosssectional area of the larvae at 535 degree-days) the size factor s becomes:
For different instars, the relationship between numbers of conidia produced and number of days after death of infected larvae was linear and usually significant if the number of spores produced per day was transformed to natural logarithms (Fig. 5) . (No data are given for Þrst instars because very few of these died from fungus.) These equations were converted to corresponding nonlinear equations to give the numbers of spores produced (S) for each day after caterpillar death (d) as follows: instar 2, S ϭ 55,163 exp(Ϫ0.36d); instar 3, S ϭ 116,314 exp(Ð 0.763d); instar 4, S ϭ 155,602 exp(Ð 0.491d); instar 5, S ϭ 970,973 exp(Ϫ0.859d); instar 6, S ϭ 659,758 exp(Ϫ0.592d).
Compared with the other instars, the regressions for Þfth and sixth instars were similar, and so sixth instars are treated as Þfths. Also, lumping sixth with Þfths instars was advantageous because typically only females go through the sixth stage. These values of S were multiplied by 0.211 to compensate for the different numbers of spores produced in the laboratory and forest (Hajek 1993) .
When values for the probability of infection of a larva by a conidia (p, equation 1) were Þt to proportion infection data for the 2000 plots, the best Þts varied little as the fraction of Þfth instars that were allowed to produce conidia varied between 0.0001 and 0.01. This is because, as mentioned in the Materials and Methods section, late June was dry in Connecticut and consequently few Þfth instars became infected. The best Þts also did not change much between plots. For each plot, the range for p was as follows: P1, 0.0016 Ð 0.0019; P2, 0.0020 Ð 0.0022; P3, 0.0018 Ð 0.0019; P4, 0.0022Ð 0.0023. The overall average was 0.002. This was taken as the value for p. When the value of p ϭ 0.002 was used with data from 2001 to Þt values for the fraction of Þfth instars that produce conidia, the best Þts for each plot were as follows: H1, 0.0009; H2, 0.0016; R1, 0.0016; R2, 0.0004; M1, 0.025; M2, 0.00005; M3, 0.0012; M4, 0.00001; M5, 0.19; M6, 0.003. Values for M1 and M5 are much larger than the rest, and it is probably worth noting that these plots had the lowest values for terminal counts (0.07 and 0.08, respectively) even though actual infection incidence was quite high in both plots. Thus, the large parameter values were needed to boost modeled infections high enough to Þt data. For reasons having to do with fungus dispersal (see below), it was decided to drop these two values, so the chosen value for fraction of Þfth instars that produce conidia was the average of the other plots (0.0011).
Model Output. As an example, the model was run using weather data appropriate for the Þrst Harwinton plot (H1) in 2001, with a plot soil bioassay value of 0.435 and average larvae per terminal of 1.3. Little rain fell during most of May (Fig. 6A) , and this is reßected in the 5-d running totals of rainfall (maximum per day, 10 mm) (Fig. 6B) . As a consequence, infection by resting spores occurred only after 20 May (Julian day 140) (Fig. 6C) . Relative humidities near 100% largely corresponded with precipitation (Fig. 6D ), but conidia did not begin to be produced in signiÞcant amounts until about 9 June (Julian day 160) (Fig. 6E) because previously infected larvae did not begin to die until then. Then proportion infection from conidia increased rapidly and stayed high until infected larvae began to die off (Fig. 6 F) . The survival rate of larvae reßects mortality caused by the fungus (Fig. 6G) . Survival rates are the most meaningful measure of the effect of the fungus on gypsy moths, but for comparison with forest results it was necessary to use proportion infection as output.
Comparison of Model to Data. Model results and actual proportion infections in 1999 were similar (Fig.  7) . In 1999, 131 mm of rain fell in May and only 12 mm in June. Thus, some infection by resting spores occurred early in these plots, but few were infected after 1 June (Julian day 152). The soil bioassay was twice as high in Burrillville as in North SmithÞeld. (Gypsy moth densities were not meaningful as none, or very few, conidia were produced this year.)
In 2000, the model accurately reßected real proportion infections (Fig. 8) . As in most years, infection rates were low at Þrst, only increasing after Julian date 153 (1 June) when transmission via conidia became important. Because the same weather records were used for all plots, the basic shapes of the infection curves are similar. Differing values for soil bioassays and terminal counts account for the differences in model results between plots.
In 2001, a large range of soil bioassay and terminal counts caused a large range of model outputs (Fig. 9) , but observed proportion infections were not so vari- able. Thus, the plots with lowest larval densities (M1 and M5) had much lower model proportion infections than actually occurred. This is at least partly because of the decision not to use Þtted values from these plots when estimating the fraction of Þfth instars that can produce conidia. Also, it should be pointed out that in plot M5, the soil bioassay gave 0.0 infection. Inserting this value in the model would have lead to no infection at all. This seemed unrealistic, especially because the 95% conÞdence interval for this soil bioassay result was 0 Ð 0.074 (48 exposed caterpillars). Thus, perhaps somewhat arbitrarily, the soil bioassay at this plot was set at 0.05, a low but positive value.
Conidia dispersal may explain the discrepancy between model and actual results in plots M1 and M5. All six plots in MansÞeld Hollow (M1Ð 6) were Ͻ1 km from each other, as were each of the two Harwinton and Rhode Island plots. Conidia of E. maimaiga are carried in air for distances of up to at least 300 m (Dwyer et al. 1998) . It seems likely that conidia would disperse from high production areas to low areas, causing more infection in the latter than would be expected in isolated populations. If the plots sampled were the only areas where conidia were produced, it would make sense to use a dispersal or smoothing algorithm to determine the number of conidia at each plot. However, conidia were most likely produced throughout each area, making it impossible to estimate the distribution of dispersing spores. Instead, in the model, I averaged the number of conidia produced for each day in all area plots and assigned this average value to all nearby plots before calculating probabilities of infection (Fig. 10) . Correspondence between model and data was then somewhat better for most plots and a great deal better for plots M1 and M5 as compared with the situation where dispersal was not allowed (Fig. 9) .
Effects of Parameter Changes. Using an artiÞcially-constructed weather Þle as described earlier for which rain fell every 5 d, the following parameters were systematically varied as indicated: soil bioassay: 0.01, 0.3, 0.9; gypsy moth density: 0.01, 0.1, 1.0, 2.0, 4.0 larvae/terminal and probability of a single larva being infected by one conidia: 0.00001, 0.00005, 0.0001, 0.0005, 0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, 0.009, 0.01). Also, the fraction of Þfth instars capable of producing conidia varied over the same values as did probability of infection by conidia. This gave a total of 2,940 runs, and seasonal survival rate was the model output. Results have a wide range of values (Fig. 11) . In general, very low density resulted in high survival, and high density in low survival. Resting spore abundance had a similar, but less extreme impact. This is reasonable because most of the deaths caused by fungus occur as a result of infection by conidia, the abundance of which are affected by larval density. The inßuence of changes in the fraction of Þfth instars producing conidia and the probability of infection by a conidium also varied widely depending on resting spore abundance and density. Parameter changes always caused smooth changes in survival rates. From these results, it would appear that all parameters have substantial effects on model outcome and need to be determined carefully.
The effect caused by changing the minimum relative humidity required for infection by conidia was explored by using minimum relative humidities from 80 to 100% with input data from plots H1 and R2 of 2001. Using daily survival rate as model output, it is evident that differences in relative humidity values had rather small effects on overall survival (Fig. 12) . This may be because relative humidity levels in the forest are typically low during daytime when it is not raining and high during nighttime or when it is raining (Geiger 1965) . Intermediate values usually do not occur for long periods (unpublished data). Thus, moderate changes in the minimum value appear not to have great effects on model output.
Possibilities for Prediction. A realistic E. maimaiga model may have value for predicting fungus activity in the future. Weather, although known to have a profound inßuence on fungus activity, is not amenable to long-term prediction. But also important are the numbers of resting spores in the soil and gypsy moth density, and unlike weather, these can be determined before gypsy moths hatch by using soil bioassays and counts of gypsy moth egg masses (which can be used to estimate gypsy moth density). To answer the question of how variable model outputs are for given values of parameters under different weather conditions, I varied soil bioassay levels and gypsy moth density as before and ran the model with artiÞcial weather Þles having 0, 2, 4, or 8 d between rainfall. Results ( Fig. 13) showed that when resting spore abundance and larval density were low, survival of larvae was generally high regardless of weather. Conversely, when spore abundance and larval density were high, survival was nearly always low. In between, responses depended greatly on weather conditions. Similar results occur if actual weather records from plot P3 in 2000 and plots R2 and H1 in 2001 are used (Fig. 14) . At the extremes, spore abundance and gypsy moth density could predict larval survival. Otherwise, weather conditions had very important modifying effects.
Discussion
The values of three model parameters had to be obtained through Þts to data. Of these, the multiplication factor for resting spore abundance in the soil was obtained from Þts to 1999 and 2000 data, but was used without change for 2001 data. Given that the early infections of larvae are the result of resting spore germination only, the good correspondence of model results to early season 2001 data validates the value of this parameter. However, the probability that a conidium will cause infection of a larvae, and the fraction of infected Þfthϩ instars that produce conidia upon death, had to be obtained from Þts to 2000 and 2001 data. There are no independent data that could be used to validate the values of these parameters, but it is encouraging that the best-Þt 2000 plot values for probability of infection by a conidium had low variability. Validation of these parameters will be attempted in the future.
A more rigorous result concerns dispersal of conidia. I consider it signiÞcant that good Þts to all 2001 plots did not occur until after dispersal was taken into account. Dispersal effects need to be incorporated into the model and should be considered in future forest work with this fungus. A way to start would be to sample gypsy moth populations in areas surrounding a study site. If surrounding gypsy moth numbers are low, it is unlikely that dispersal into the site will be signiÞcant, but dispersal out of the site may be important. If surrounding numbers are high, inward dispersal may be substantial.
Dispersal of airborne conidia may also explain why infection incidence of the fungus tends to have low or no dependence on localized gypsy moth population levels (Elkinton et al. 1991, Weseloh and Andreadis 1991) . In the model, gypsy moth population density is a very important factor governing how many conidia are produced. If only local densities are used, model output is more strongly density-dependent than if surrounding population densities are allowed to inßuence the number of conidia present at a site (compare Figs. 9 and 10).
With this model, there appears to be some potential for predicting fungus activity, even when weather conditions cannot be speciÞed. At the high and low extremes of resting spore load in the soil and gypsy moth population density, weather conditions have minimal inßuences. It should also be pointed out that the extreme conditions of dryness or wetness used for generating results of Fig. 13 are rare. With more reasonable weather conditions, predictions based on resting spore load and gypsy moth density will be more accurate (Fig. 14) .
The survival rate output of the model should help in evaluating fungus effectiveness. As Van Drieshe et al. (1991) point out, the use of proportional mortality obtained from Þeld collections of hosts at speciÞc times may be difÞcult to interpret in terms of natural enemy effectiveness unless recruitment and loss for host and pathogen are determined. This, however, is seldom done. But by enabling the estimation of larval survival rates from measured fungal infection rates in the forest, the model allows such evaluations to proceed. Having a good indicator of fungus-induced mortality will also help facilitate evaluation of other mortality factors.
